develop a clinical decision support tool, which we validated using data from 366 participants in a separate clinical practice observational cohort of patients with active CD treated with vedolizumab for 26 weeks (the VICTORY cohort). We evaluated the ability of this tool to identify patients in clinical remission or corticosteroid-free remission, or those with mucosal healing (MH), clinical remission with MH, or corticosteroid-free remission with MH after vedolizumab therapy using receiver operating characteristic area under the curve (AUC) analyses. The primary outcome was to develop and validate a list of factors associated with achieving remission by vedolizumab in patients with active CD.
Results:
In the derivation analysis, we identified absence of previous treatment with a tumor necrosis factor antagonist (+3 points), absence of prior bowel surgery (+2 points), absence of prior fistulizing disease (+2 points), baseline level of albumin (+0.4 points per g/L), and baseline concentration of C-reactive protein (reduction of 0.5 points for values between 3.0-10.0 mg/L and 3.0 points for values > 10.0 mg/L) as factors associated with remission. In the validation set, our model identified patients in clinical remission with an AUC of 0.67, patients in corticosteroid-free remission with an AUC of 0.66, patients with MH with an AUC of 0.72, patients in clinical remission with MH with an AUC of 0.73, and patients in corticosteroid-free clinical remission with MH with an AUC of 0.75. A cut-off value of 13 points identified patients in clinical remission after vedolizumab therapy with 92% sensitivity, patients in corticosteroid-free remission with 94% sensitivity, patients with MH with 98% sensitivity, patients in deep remission with 100% sensitivity, and patients with corticosteroid-free clinical remission with MH with 100% sensitivity.
Conclusions:
We developed and validated a scoring system to identify patients with CD most likely to respond to 26 weeks of vedolizumab therapy. Further studies are needed to optimize its accuracy in select populations and determine its cost effectiveness.
INTRODUCTION
Vedolizumab (VDZ), a humanized anti-α 4 β 7 integrin monoclonal antibody that selectively targets lymphocyte trafficking to the gut, is currently indicated for the treatment of adult patients with moderately to severely active Crohn's disease (CD) who have failed corticosteroids, immunomodulators, or tumor necrosis factor-alpha (TNFα) antagonist therapy. In the GEMINI 2 phase III trial, approximately one-third of patients were in clinical remission (CREM) or corticosteroid-free clinical remission (CSF-REM) following treatment with VDZ. 1 Although these results are clinically important, the GEMINI 2 trial did not assess for mucosal healing (MH), and the strict inclusion criteria used may limit the generalizability of the results to routine clinical practice. 2 Real-world data from multiple jurisdictions are now available for VDZ therapy in CD and outcomes are fairly consistent across clinical practice. In the US-based VICTORY consortium that evaluated 212 CD patients, CREM, CSF-REM, and deep remission (CREM + MH) were seen in 35%, 34%, and 26% of patients, respectively, by 12 months. 3 In real world cohorts and in the GEMINI 2 trial, prior exposure to TNFα-antagonists negatively affected treatment outcomes. [3] [4] [5] However, the magnitude of this effect and the influence of other clinical factors on treatment outcomes varied across these studies, making it difficult for clinicians to interpret their relevance to practice.
Clinical prediction models utilize baseline characteristics to provide an estimate of the value of a therapy on treatment outcomes for an individual patient. Furthermore, the transformation of these models into decision support tools facilitates their application as a component of 'precision medicine'. 6, 7 With the evolving landscape of biologic therapy in CD and increasing treatment choice, a validated prognostic tool for treatment outcomes with VDZ would be of considerable value. 8 We aimed to address this gap by deriving and validating a multivariable clinical prediction model within the GEMINI 2 clinical trial dataset. To improve the ease with which this prediction model can be used at the 'bedside', we transformed it into a prognostic clinical decision support tool (CDST) and validated this tool in a cohort of CD patients treated with VDZ in routine clinical practice.
METHODS
We developed and validated a multivariable model to predict CREM with VDZ treatment for patients with active CD. 1, 9, 10 We further assessed model prediction for MH and deep remission in VDZ-treated CD patients with endoscopically active disease at baseline. 3 Finally, we transformed this prediction model into a CDST for use in routine practice. This study is reported according to the Transparent Reporting of a multivariable prediction model for Individual Prognosis Or Diagnosis (TRIPOD) statement. 9 
Data Sources and Participants
We used two data sources to derive and validate the prediction model and CDST. 1, 3 First, the GEMINI 2 trial was used to derive the CREM prediction model, and to derive the CDST. Second, data from the VICTORY consortium were used to externally validate the CREM prediction model, to assess the performance of the prediction model for predicting MH and deep remission, and to validate the CDST.
A subset of participants in GEMINI 2 (n=814) was used in the post hoc analysis. To mimic a treat-straight-through cohort design, patients were included if they received VDZ induction therapy and did not receive placebo during maintenance therapy, irrespective of Week 6 response status (Supplementary Material).
CD patients from the VICTORY consortium were included in the validation cohort (n=336) if they had: started VDZ therapy for clinically and/or endoscopically active CD, completed VDZ induction therapy, had a clinical or endoscopic assessment of disease activity after VDZ induction therapy, and had a minimum follow-up period of 26 weeks after VDZ initiation (Supplementary Material).
Outcomes and Definitions
The primary objective was to develop and validate a prediction model for CREM with VDZ in patients with active CD. Three definitions of CREM were used for this purpose: (1) CREM after 26 weeks of VDZ therapy; (2) CSF-REM after 26 weeks of VDZ for subjects receiving corticosteroid at baseline; and (3) sustained CREM during 52 weeks of VDZ, defined as 10 of 12 study visits from Week 10 to Week 52, including the final visit (Week 52). Clinical disease activity and remission were assessed using the Crohn's disease activity index (CDAI; CREM defined as CDAI ≤150) in GEMINI 2, and the physician global assessment (CREM defined as absence of all CD-related symptoms) in the VICTORY consortium. 11 A secondary analysis was performed to assess the performance of the model for predicting MH and deep remission after 26 weeks of VDZ in endoscopically active CD patients. MH could only be assessed in the VICTORY consortium, and was defined as the absence of ulcers or erosions on ileocolonoscopy, or absence of findings of inflammation on crosssectional imaging in patients who could not be adequately assessed with ileocolonoscopy. Deep remission was defined as achieving both CREM and MH, and CSF-deep remission was defined as achieving both CSF-REM and MH (Supplementary Material). 12 
Statistical Analysis
Model Derivation-Individual multi-variable logistic regression prediction models were built in the GEMINI 2 derivation cohort for the outcomes of: CREM after 26 weeks of VDZ; CSF-REM after 26 weeks of VDZ; and sustained CREM during 52 weeks of VDZ therapy. [13] [14] [15] [16] [17] [18] From these three individual CREM prediction models, a set of variables were chosen for inclusion in a single final single prediction model based on: (1) being predictive in at least two of the three individual models; (2) review of the literature; 19, 20 and/or (3) expert opinion of the author group. These models were transformed into a single final prediction model, as opposed to being individually validated externally, because it was felt that having 3 separate models to predict separate outcomes with the same intervention (ie, VDZ) would lead to uncertainty in interpretation in clinical practice, potentially diverging predictions, and ultimately poor uptake of the CDST.
To build this single final prediction model, we weighted the coefficient of regression of each variable from each individual model by an estimation of the inverse variance for each coefficient estimate. 21, 22 This approach does not take into account the clinical importance of each outcome from each individual model, or individual provider opinions that may influence treatment decisions. Therefore, a sensitivity analysis was performed using survey results from VICTORY consortium investigators on how each outcome should be weighted for the final single prediction model equation (Supplementary Material).
Albumin and CRP were both retained in the final model and have been previously shown to be the strongest predictors of exposure-efficacy relationships for VDZ in CD. 23 However, these 2 variables were observed to explain less than 30% of the variability in VDZ exposure. Therefore, a second sensitivity analysis was performed to more accurately account for variations in VDZ exposure by replacing baseline albumin and CRP with calculated VDZ clearance profiles within the GEMINI 2 derivation cohort. Calculated VDZ clearance for individual participants from the GEMINI 2 trial were obtained from previously published population pharmacokinetic-pharmacodynamics modeling and exposure-efficacy relationship studies. 23, 24 A comparison of accuracy for predicting CREM, CSF-REM, and sustained CREM were then performed within the GEMINI 2 derivation cohort to determine if albumin and CRP should be replaced by the population pharmacokineticpharmacodynamic model equation.
Model Validation-The final single prediction model was then validated externally in the VICTORY consortium cohort. Discriminative ability was assessed by receiver operating characteristic (ROC) curve analysis and is presented as AUC. The values are between 0.5 and 1, with 0.5 denoting that the model does not discriminate and 1 denoting that it perfectly discriminates. Calibration was tested by the Hosmer-Lemeshow goodness-of-fit test after splitting the sample into quintiles. This test assesses whether or not the observed event rates match expected event rates in subgroups of the model population, with P-values <0.05 indicating evidence of poor fit. The overall performance of the models was evaluated with the Nagelkerke R 2 and the Brier score. Nagelkerke R 2 is a measure between 0 and 1, with 0 denoting that the model does not explain any variation and 1 denoting that it perfectly explains the observed variation. The Brier score is a measure between 0 and 1 of prediction with the mean squared difference between the predicted probability and the actual outcome. A lower Brier score indicates better performance, and the Brier score for a model can range from 0 for a perfect model to 0.25 for a non-informative model. 25 Clinical Decision Support Tool-The final single prediction model was then transformed into a CDST, and prognostic scores were calculated for each patient. 26 Cutpoints for a low, intermediate, and high probability of response were determined using the GEMINI 2 cohort. Stratifying GEMINI 2 participants based on response status derived these cut-points. The top 25% were considered high probability, bottom 25% considered low probability, and all others intermediate. These cut-points that differentiated the low, intermediate, and high probability groups were then applied to the GEMINI 2 intention-totreat population to understand how the probability of response with VDZ compared with placebo-treated participants. Finally, the CDST cut-points were applied to the VICTORY consortium, and the sensitivity, specificity, positive likelihood ratio (PLR), and negative likelihood ratio (NLR) of the scoring tool were calculated to identify patients with a low or high probability of responding to VDZ. (Supplementary Material)
Role of Sponsor
The protocol was designed by the study investigators in collaboration with scientists employed by Takeda Pharmaceuticals. All statistical analyses on the GEMINI 2 dataset were performed by Takeda Pharmaceuticals employees. All statistical analyses on the VICTORY consortium dataset were performed by VICTORY consortium study investigators.
RESULTS

Patient Demographics
Of the 477 CD patients within the VICTORY consortium who were started on VDZ for clinically and/or endoscopically active disease, 104 patients were excluded for lacking baseline C-reactive protein (CRP) data within 4 weeks of initiation of VDZ therapy, and another 36 were excluded for having a follow-up of less than 26 weeks. Characteristics were similar between the entire VICTORY CD consortium cohort and the VICTORY CD consortium cohort selected for validation (Table 1) . Baseline age, gender, and BMI were similar between the GEMINI and VICTORY cohorts. Patients in the GEMINI clinical trial had shorter disease duration (9 vs 14 years), and fewer patients had prior bowel surgeries (44 vs 59%) or prior exposure to a TNFα-antagonist (66 vs 92%) ( Table 1) .
Model Derivation
The univariable models from the GEMINI 2 derivation cohort were used to derive separate models for CREM at Week 26, CSF-REM at Week 26, and sustained CREM (Supplementary Material). The absence of prior exposure to TNFα-antagonist therapy, absence of prior bowel surgery, absence of prior fistulizing disease, baseline albumin, and baseline CRP were included in the final single prediction model (Table 2 ). Weighted 7-day liquid or very soft stool score was identified as an independent predictor in all 3 individual models, but this was not included in the final single prediction model as the confidence interval closely approached or included 1.00 for estimates, and this variable was felt to be too subjective and therefore at risk for misclassification in routine practice.
Model Validation
The variables were fitted and re-run on the GEMINI 2 cohort to generate a final single weighted model equation These equations were both externally validated on the VICTORY consortium cohort, and both demonstrated fair to good overall performance with no considerable differences between the 2 equations (Table 3, Supplementary Material).
A sensitivity analysis was then performed by replacing albumin and CRP with calculated VDZ clearance profiles for GEMINI 2 participants based on population modeling and exposure-efficacy relationship assessments. 23, 24 Performance of this model within the GEMINI 2 derivation cohort was comparable to the original model that included albumin and CRP (Supplementary Material).
The final single model equation used was therefore based on the 5 selected baseline variables weighted by an estimate of the inverse variance for each coefficient (Table 3) .
Clinical Decision Support Tool
The final single model equation was transformed into a CDST and points were assigned to each variable based on multiplication of β coefficient by 10 and rounding to the nearest value. Non-linearity in distribution was observed for CRP and therefore it was transformed into a categorical value for the CDST, and an assessment of accuracy revealed that the modified CDST with CRP as a categorical value had higher sensitivity than the model with CRP as a continuous value (Supplementary Material and Table 4 ). The final CDST therefore had CRP as a categorical value (Figure 1 ).
Among the intention-to-treat population of GEMINI 2, the difference in CREM rates between VDZ and placebo at Week 6 was smaller in participants who would have been classified as low probability (≤13 points) for responding to VDZ (4.7% vs 2.8%; difference 1.9%), compared with participants who would have classified as high probability (>19 points) for responding to VDZ (23.9% vs 14.3%; difference 9.6%). Furthermore, among rerandomized Week 6 responders, the difference in CREM rates at Week 52 between VDZ every 8 weeks and placebo was smaller between the low probability group (25.8% vs 3.6%; difference 22.2%) and the high probability group (61.7 vs 33.3%; difference 28.4%).
Patients in the VICTORY validation cohort were stratified into low (≤13 points), intermediate (>13 to ≤19 points), and high (>19 points) probability for responding to VDZ, with good discriminative performance for the CDST (Figure 1) . A cut-off of 13 points had high sensitivity for identifying patients who were likely to respond to VDZ and a cut-off of 19 points had a modest-high specificity for identifying patients who were likely to respond to VDZ (Table 4) . Treatment outcomes among the VICTORY consortium patients in the low probability group were similar irrespective of number of prior TNFα-antagonists used, prior TNFα-antagonist failure versus intolerance, or concomitant immunosuppressive use (P>0.05 for all comparisons).
Among the intermediate (>13 to ≤19 points) to high probability (>19 points) groups, rates of MH were significantly higher in patients with no prior fistulizing disease (83% vs. 68%, p=0.05), and trended towards significance for those with no prior surgery (55% vs. 39%, p=0.08). When stratified by CRP categories, patients with an intermediate to high probability score had lower rates of CREM (38.1% vs. 29.4% vs 20%, p=0.01), CSF-REM (32.4% vs 20.8% vs. 15.2%, p=0.08), and corticosteroid free deep remission (18% vs. 11.8% vs. 8.7%, p=0.32).
DISCUSSION
Prior prediction models in CD have largely focused on estimating an individual patient's probability of developing complications to help decide whether or not highly effective therapeutic approaches, such as early combined immunosuppression with a biologic, would be preferred strategies. [27] [28] [29] [30] However, prediction models for treatment outcomes with biologic therapy in CD are limited. Two clinical models have been built for predicting primary non-response to TNFα-antagonists; however, performance of these models was limited by inadequate precision due to low event rates and sample sizes, and lack of external validation. 31, 32 Therefore, high-quality clinical prediction models to guide therapeutic decisions in CD are lacking. We derived and externally validated a multivariable prediction model that accurately predicts CREM, CSF-REM, MH, and deep remission with VDZ therapy in patients with CD. We further transformed this prediction model into an easy to use prognostic CDST, which demonstrated a good predictive value for identifying patients with either a low or high probability of responding to VDZ. Prospective use of the CDST is likely to improve the overall cost-effectiveness of biologic therapy in CD, by identifying patients who will most likely respond to VDZ and allow therapies to be selected accordingly. Furthermore, discussion of the results of the CDST with patients offers providers an opportunity to more readily engage in shared decision-making and personalization of treatment decisions. Based on our model, the optimal positioning of VDZ within current treatment paradigms is prior to TNFα-antagonist exposure (supporting its use as a first-line biological agent), or early in the disease course prior to the development of disease-related complications (eg, fistulizing disease, bowel surgery). A risk score of ≤13 points had a very high sensitivity for identifying those less likely to respond to therapy, and a score of > 19 points had a modest specificity for identifying those more likely to respond to therapy. Among patients with an intermediate (>13 to ≤19 points) or high (>19 points) probability of response to VDZ, having an elevated baseline CRP (> 3 mg/L) was associated with lack of response to VDZ and was the predominant factor for misclassification in these groups. These observations could be due to several reasons including: an inherent resistance to responding to any biologic therapy in these refractory patients, 33 alterations in immune phenotype with prior TNFα-antagonist exposure, [34] [35] [36] or variations in pharmacokinetics and VDZ drug exposure. 23, 24 To address the latter of these, we performed a sensitivity analysis by including individual participant VDZ clearance profiles based on population modeling, and observed no differences in model performance or accuracy for predicting outcomes. This would suggest that these variables are not simply surrogates for VDZ clearance and exposure but rather true prognostic markers of therapeutic response.
The strengths of this study include its size, scope, and external validation in an independent dataset. The derivation and validation of the data from multiple sites and jurisdictions, along with the simplicity of the CDST, enhances its generalizability and performance. In addition, the model is able to simultaneously predict outcomes of importance to patients (CREM and CSF-REM at 26 weeks) as well as outcomes associated with improved disease course (MH and deep remission) after initiation of VDZ, which are of importance to patients and physicians. Several limitations should be acknowledged. Firstly, these were post hoc analyses of the GEMINI 2 clinical trial dataset, which was not powered for subgroup analyses and did not have endoscopic confirmation of efficacy outcomes. Caution should be taken when interpreting the differences in outcomes across subgroups and the results of the intention-to-treat population results stratified by probability of response. Secondly, although the prediction model had a favorable diagnostic accuracy, it explains less than 10% of the variability in outcomes. Prior work has demonstrated that the combination of serologic or genetic markers may help to improve the diagnostic accuracy of prediction models in CD. 29, 32 Therefore, future studies are still needed to determine if biomarkers can be identified to help improve the accuracy of our clinical prediction model, as well as its ability to explain variability in outcomes with VDZ. Thirdly, the model had a poor fit when validated in the VICTORY consortium. The poor fit of the model may be due in part to the variability in outcome definitions, known risk of disease activity classification in CD with symptom based indices, or the combining of several models into a single model for ease of clinical interpretation and integration. Although the model exhibited poor calibration for matching predictive and observed probabilities throughout the whole range of potential prognostic estimates, the CDST demonstrated a high sensitivity for identifying those at risk for treatment failure. This highlights that predictive models and CDSTs are simply one piece of a multi-step process that includes physician assessments and patient preferences, to choose the most appropriate therapies and optimize treatment effectiveness on an individualized basis in routine practice. Future studies are needed to better calibrate the model and assess the impact of this prediction model and CDST on clinical practice, health care resource utilization, and treatment outcomes, when implemented at the population level.
In summary, we have derived and externally validated a clinical prediction model for treatment outcomes with VDZ, with good overall performance and accuracy. We have further transformed this prediction model into an easy to use CDST to help guide patients and providers on the appropriate positioning of VDZ within current treatment algorithms. Based on our model the ideal positioning of VDZ may be early in the disease course prior to exposure to TNF-antagonists and prior to the development of CD related complications. Further studies are needed to determine how our prediction model can be used to optimize treatment outcomes at the population level.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Final single prediction model based on inverse variance weighting and includes: no prior bowel surgery, no prior TNFα-antagonist exposure, no history of fistulizing disease, baseline albumin, and baseline CRP score. Nagelkerke R-squared is a measure between 0 and 1, with 0 denoting that model does not explain any variation and 1 denoting that it perfectly explains the observed variation. The Brier score is a measure between 0 and 1 of prediction with the mean squared difference between the predicted probability and the actual outcome. The Brier score for a model can range from 0 for a perfect model to 0.25 for a non-informative model. ROC-AUC curve values are between 0.5 and 1, with 0.5 denoting that the model does not discriminate and 1 denoting that it perfectly discriminates. In the Hosmer-Lemeshow goodness-of-fit test, observed event rates are tested against expected event rates by decile of fitted values for prediction; P-values <0.05 indicate evidence of poor fit.
AUC, area under the curve; CD, Crohn's disease; CRP, C-reactive protein; ROC, receiver operating characteristic; CI: confidence interval.
Gastroenterology. Author manuscript; available in PMC 2019 March 15.
